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6ABSTRACT
Historically, bone stress injuries have been viewed mainly as a problem for military medicine, but
nowadays they are increasingly seen in sports medicine. They are quite common among healthy
people who have recently started new or intensive physical activity.
Diagnosis of bone stress injuries is based on the patient’s history of increased physical activity and
on imaging findings. Clinical diagnosis of bone stress injuries is difficult, and conventional
radiography can also produce false negatives. The purpose of the present study was to assess the
diagnostic value of MRI in the evaluation of bone stress injuries.
The total number of patients was 412. All were undergoing military training as conscripts in the
Finnish Defense Forces. All patients had clinical suspicion of a bone stress injury in the lower
extremity or the pelvis, and all underwent MRI. Of these 412 patients, 210 had bone stress injuries,
and due to multiple injuries, the 210 had a total of 274 bone stress injuries.
MRI more readily revealed signs associated with bone stress injuries than could be anticipated
based on clinical examination. Due to radiating pain and multiple bone stress injuries, clinical
examination is often unreliable, and therefore, to ensure accurate diagnosis, the MRI scan should
cover larger anatomical areas than merely the painful site. Radiography revealed mainly late-phase
bone stress injury signs such as fracture line and callus. In bone stress injuries, the diagnostic value
of MRI was better than was two-phase bone scintigraphy and radiography.
Bone stress injuries with MRI signs of muscle edema, fracture line, or callus showed increased
tissue perfusion, as verified with intravenous gadolinium contrast-enhancement. MRI was found to
be a valid imaging modality in the assessment of different stages of bone stress injuries with the use
of STIR and fat-suppressed T2-weighted sequences, whereas T1-weighted images were of lesser
value.
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8ABBREVIATIONS
99mTc = Technetium-99m
ADC = analogue-to-digital converter
CECS = chronic exertional compartment syndrome
CT = computed tomography 
FOV = field of view
FSE = fast spin echo
FSPGR = fast spoiled gradient echo
Gd-DTPA = gadolinium diethylenetriaminepentaacetic acid
GRE = gradientecho
MR = magnetic resonance
MRI = magnetic resonance imaging
NMR = nuclear magnetic resonance
NPV = negative predictive value
PPV = positive predictive value
RF = radio frequency
ROI = region-of-interest
SE = spin echo
STIR = short tau inversion recovery
T = tesla
T1 = longitudinal relaxation
T2 = transverse relaxation
TE = time to echo
TI = inversion time
TIC = time intensity curve
TR = repetition time
91 INTRODUCTION
A stress fracture was first reported by a Prussian military physician who described nineteenth
century soldiers with edematous and painful feet (Breithaupt 1855). Approximately 40 years later,
in 1897, only 2 years after Wilhelm Röntgen discovered xrays, this condition was shown to be due
to a fracture of the metatarsal shaft and was termed a ”march fracture” (Schulte 1897). Some other
terms to describe this bone injury include crack fracture, pseudofracture, spontaneous fracture, and
exhaustion fracture (Belkin 1980, Jones et al. 1989). Jones et al. (1989) showed that most of the
stress-related injuries diagnosed as stress fractures show no evidence of a fracture line. Markey
(1987b) used the term “bone stress injury”, which will be used in this thesis.
Stress-related bone injuries are quite common among otherwise healthy people who have recently
started new or intensive physical activity (Pentecost et al. 1964). Historically, bone stress injuries,
once viewed mainly as a military medicine problem, nowadays are increasingly seen in sports
medicine due to an increase in weight-bearing sports and in exercise such as running. In a typical
sports medicine practice, bone stress injuries account for at least 10% of the cases (McBryde 1975,
Jones et al. 1989).
Bone stress injuries may be fatigue fractures, which occur after application of abnormal, repetitive
stress to normal bone with normal elastic resistance, and insufficiency fractures, which result when
normal stress is exerted on abnormal bone with deficient elastic resistance (Pentecost et al. 1964,
Belkin 1980, Markey 1987a). Pathophysiology of bone stress injuries represents a wide spectrum of
events from accelerated remodeling to stress fracture (Anderson and Greenspan 1996).
Diagnosis of bone stress injuries is based on the patient’s history of increased physical activity and
on radiological findings (Anderson and Greenspan 1996). Radiography has been used as the
primary imaging tool, but because of its low sensitivity in the early stages of bone stress injuries
(Prather et al. 1977, Greaney et al. 1983, Rupani et al. 1985, Matheson et al. 1987a, Nielsen et al.
1991), diagnosis has often been based on bone scintigraphy (Anderson and Greenspan 1996). In the
last two decades, MRI, without any of the health risks of xrays, has rapidly become an accepted
imaging modality in the diagnosis of pathological processes of the musculoskeletal system. This
also involves bone stress injuries (Anderson and Greenspan 1996).
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The purpose of the present study was to assess the diagnostic value of MRI in the evaluation of
bone stress injuries.
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2 REVIEW OF THE LITERATURE
2.1 Normal anatomy and physiology of bone
Bone is composed of organic and inorganic material. By weight, about 70% of the bone tissue is
mineral or inorganic substance, 5 to 8% is water, and the rest is organic extracellular matrix.
Approximately 95% of the mineral substance is composed of specific crystalline hydroxyapatite,
whereas 98% of the organic material consists of Type I collagen and a variety of noncollagenous
proteins. Cells account for the remaining 2% of the organic material (Buckwater et al. 1995).
Bone tissue is organized into cancellous (spongy or trabecular) and cortical (dense or compact)
bone compartments, which are highly specialized forms of connective tissue. Although both types
of bone tissue have the same basic histological structure, differences exist in their detailed
structures. Cortical bone has a solid, compact architecture interrupted only by the narrow canals of
the haversian systems, which contain neurovascular bundles. Cancellous bone consists of a
meshwork of primary (longitudinal) and secondary (transverse) trabeculae separated by fatty or
hematopoietic marrow. Cortical bone is typically present along the outer casing of long bones and
has a low surface-to-volume ratio. Cortical bone has two types of surfaces: endosteum on the inner
side facing the bone marrow and trabeculae, and on the outer side, periosteum, facing the
surrounding soft tissues. Cancellous bone, usually found primarily at the ends of long bones and
internal to cortical bone, is a structure of internal rods or plates forming a three-dimensional
branching lattice. Cancellous bone is far more available to bone metabolism control, due to its high
surface-to-volume ratio. The cells of cancellous bone lie primarily between lamellae or on the
surfaces of the trabeculae, being directly influenced by adjacent bone-marrow cells. In contrast, the
majority of the cell population in cortical bone is completely surrounded by bone matrix
(Buckwater et al. 1995).
Osteoblasts, osteoclasts, and osteocytes are the three major mature cell types found in bone. The
metabolism of bone is regulated by bone cells which respond to various environmental signals,
including stress. The main function of the osteoblasts, which are generally regarded as bone-
forming cells, is to synthesize the protein component of bone, osteoid. The osteoblast can become
an osteocyte once it has synthesized the mineralized osteoid. Osteoclasts are active agents in bone
resorption. Osteocytes are abundant in mineralized bone matrix of both cancellous and cortical
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bone. Their function is incompletely understood, but they may play a role in the mechanical
regulation of bone (Cowin et al. 1991, Lanyon 1993, Mullender and Huiskes 1995 and 1997).
Bone is a dynamic tissue; once formed or modeled, it is never metabolically at rest but is
remodeling. Modeling is a biological process that produces the size and the shape of the bone, and
it occurs primarily during growth. Remodeling refers to the lifelong renewal process of the bone, in
which the osteoclasts and the osteoblasts remove and replace bone without significantly affecting
bone shape or density. The remodeling occurs on periosteal, harversian, cortical-endosteal, and
trabecular bone surfaces. The factors controlling the remodeling are poorly understood, but the
bone formation and the bone resorption are exquisitely balanced, the coupled processes that result
in net bone formation equaling net bone resorption (Wolff 1892, Parfitt 1984, Frost 1987a, 1987b,
1990a and 1990b)
2.2 Bone stress injuries
Bone stress injuries may be fatigue fractures, which occur after application of abnormal, repetitive
stress to normal bone with normal elastic resistance, and insufficiency fractures, which result when
normal stress is exerted on abnormal bone with deficient elastic resistance (Pentecost et al. 1964,
Belkin 1980, Markey 1987a). Pathophysiology of bone stress injuries represents a wide spectrum of
events from accelerated remodeling to stress fracture (Anderson and Greenspan 1996).
Bone is a dynamic tissue that requires stress for its normal development (Stanistki et al. 1978,
Sterling et al. 1992). The positive effects of physical activity on healthy bone have been well
documented (Forwood and Burr 1993, Kannus et al. 1996). If normal stress is eliminated, rapid
osteoclastic resorption occurs, followed by a decrease in osteoblastic activity and resulting in
diffuse osteoporosis (Li et al. 1985).
When an external force such as weight-bearing or muscle action is applied to bone, it will be
deformed from its original shape, and an internal stress will be generated to counter the applied
force. This internal stress is equal in magnitude but opposite in direction to the external force
applied. The term “strain” is used in bone biomechanics to describe the deformation in shape and
size that bone undergoes under an external force (Turner and Burr 1993).
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According to Wolff’s Law, intermittent forces applied to bone stimulate remodeling of its
architecture to withstand the new mechanical environmental optimally (Wolff 1892, Churches and
Howlett 1982, Jones et al. 1989). In the cortical bone, the stresses related to normal daily physical
activities stimulate the remodeling processes, which occur at the osteoids (Sterling et al. 1992).
What exact mechanism activates this process is not known, but some studies have indicated that it
is related to the development of microfractures (Burr at al. 1985, Burr 1993, Fazzalari 1993). The
initial response to an increase in stress is the osteoclastic resorption, which leads to small resorption
areas at the site of the microfractures. This happens approximately 3 weeks after peak bone loss
occurs (Sweet and Allman 1971, Sterling et al. 1992). The resorption cavities formed are
subsequently filled with lamellar bone, but the formation of bone is slower than its resorption,
taking at least 90 days (Li et al. 1985, Frost 1991). This outcome of an imbalance between
resorption and formation of bone result in bone weakening (Li et al. 1985, Frost 1991). Endosteal
and periosteal proliferation may produce new bone formation at the site of stress in an apparent
attempt to buttress the temporarily weakened cortex (Li et al. 1985, Uhthoff and Jaworski 1986). In
cancellous bone, the stress may result in microfractures of the trabeculae, and microcallus is
produced along these microfractures (Savoca 1971, Fazzalari 1993). This physiologic phenomenon
of microdamage becomes pathologic when the repair mechanisms are exceeded. This pathological
process results in accumulation of microdamage and a subsequent fatigue stress injury of cancellous
or cortical bone (Stanitski et al. 1978, Frost 1991 and 1994). If the inciting activity is reduced, the
damage may heal prior to the development of a true fracture (Sallis and Jones 1991).
2.3 Incidence of bone stress injuries
Reports of the incidence of bone stress injuries have varied from 0.2% to as high as 49% (Greaney
et al. 1983, Milgrom C et al. 1985, Jones et al. 1993, Giladi et al. 1991, Milgrom C et al. 1994,
Beck et al. 1996, Sahi et al. 1996, Almeida et al. 1999, Shaffer et al. 1999, Kelly et al. 2000). In the
Finnish Defence Forces, the incidence of bone stress injuries has ranged from 1.0% to 24.5%
depending on the military branch and training program (Sahi et al. 1996). In the U.S. armed forces,
this incidence ranges from 0.2 to 4.0% for male recruits and for female recruits from 1 to 7%
(Greaney et al. 1983, Jones et al. 1993, Almeida et al. 1999, Beck et al. 1996, Shaffer et al. 1999,
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Kelly et al. 2000). Reports of the Israeli military population show remarkably higher bone stress
injury, ranging from one-third to nearly half the recruits (Milgrom et al. 1985, Giladi et al. 1991,
Milgrom et al. 1994). In those sports requiring running as a major part of in the training program,
bone stress injuries are common. The incidence of bone stress injuries in running-sports populations
ranges from 10% to 31% (Rupani et al. 1985, Hulkko and Orava 1987, Matheson et al. 1987a,
Johnson et al. 1994, Bennell et al. 1996).
The tibia and the fibula are the most common sites of bone stress injury, accounting for 40% to
70% of all cases, and are most commonly seen in long distance running and military training
(Meurman 1981, Matheson et al. 1987a, Sahi et al. 1996). After the tibia and fibula, the bones of the
foot are the next most common site, accounting for 20% to 35% of all cases, and are most
commonly associated with marching, stamping on the ground, and long-distance running. Bone
stress injuries above the knee are more rare; the incidence ranges from 10% to 20% (Brudvig et al.
1983, McBryde 1985, Hulkko and Orava 1987, Jones et al.1993, Beck et al. 1996, Sahi et al. 1996,
Almeida et al. 1999, Resnick 1999, Shaffer et al. 1999, Kelly et al. 2000). Variations in the
incidence and anatomical location are due to differences in military branches, training programs,
sports, length of activity, physical rigor, equipment, case definition, and methodology.
2.4 Clinical diagnosis of bone stress injuries
Depending on the phase of the pathophysiological spectrum in bone stress injury, clinical symptoms
may vary (Anderson and Greenspan 1996). The general symptom of a bone stress injury is pain
related to increased physical activity. Pain typically begins after a march, run, or exercise and
becomes more intensive if the physical activity continues. Pain generally disappears with rest.
When bone stress injuries become more severe, pain can progress and become constant. The pain is
mainly local, but may be radiating or more diffuse. The onset of pain can be acute or insidious. In
the acute form, the patient can identify the exact time when the pain begun, but in insidious cases it
usually develops within 2 to 3 weeks (Wilson and Katz 1969, Greaney et al. 1983, Markey 1987a,
Jones et al. 1989, Sterling et al. 1992, Shin et al. 1996).
The clinical examination includes a careful history-taking and palpation of the painful region.
Depending on the location of the region, clinical findings may vary. Limping, local pain,
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tenderness, swelling, occasional pitting edema, redness with local warmth, and a localized palpable
protuberance due to periosteal new bone formation can occur (Wilson and Katz 1969, Daffner
1978, Markey 1987a, Sterling et al. 1992). Due to the often insidious onset of symptoms, previous
studies have shown that the clinical diagnosis of bone stress injuries is difficult and non-specific
(Sallis and Jones 1991, Shin et al. 1996).
Sometimes bone stress injuries may develop into frank displaced fractures, in which symptoms and
signs based on clinical examination resemble those of conventional bone fractures. In some of these
cases, nonunion, delayed union, malunion, refracture, and avascular bone necrosis may be
encountered, depending on the site of the fracture. A displaced fracture of the femoral neck is one
of the most feared because of avascular necrosis of the femoral head that may lead to femoral head
collapse, secondary osteoarthrosis, and resultant joint replacement surgery (Blickenstaff and Morris
1966, Bargren et al. 1971, Fullerton 1990, Johansson et al. 1990, Visuri et al. 1990, Mendez and
Eyster 1992).
Nonunion or delayed union has also been reported in stress fractures of the tibia (Orava and Hulkko
1988, Rettig et al. 1988, Orava et al. 1991a), the tarsal navicular (Orava et al. 1991b, Khan et al.
1992, Kiss et al. 1993), and the fifth metatarsal (Orava and Hulkko 1988, Josefsson et al. 1994).
Surgical treatment with nails or screws may be mandatory in order to prevent the nonunion and to
secure healing. An early and exact diagnosis of the character of bone stress injury is important in
avoiding surgical treatment or avascular bone necrosis in cases of displaced bone fragments.
2.5 Diagnostic imaging of bone stress injuries
Diagnostic imaging plays a pivotal role in the assessment of bone stress injuries, because clinical
evaluation alone is not definitive. Since the bone stress injuries represent a continuing process
rather than a single event, imaging findings are extremely variable and depend on the physical
activity, the bone involved, and the timing of the imaging procedure.
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2.5.1 Radiography
Plain film radiography still plays an essential role in the diagnosis of stress fractures, having been
used as the primary imaging modality for more than 100 years. In cortical bone, the initial finding
of bone stress injury is the gray cortex sign (Mulligan 1995), which may be easily overlooked. The
weakened cortex is then strengthened with periosteal new bone formation and endosteal thickening.
With progression of the pathological process, a true fracture line may appear. These kinds of
injuries are typically in the shaft of a long bone. In cancellous bone, the earliest findings include
subtle blurring of trabercular margins that may be associated with faint sclerotic areas due to
secondary peritrabecular callus. As damage increases, a sclerotic band is apparent on radiography
(Savoca 1971, Daffner 1984, Ammann and Matheson 1991, Mulligan 1995).
If classic radiographic findings are present, the diagnosis is straightforward. Initial radiography is,
however, very often normal, due to the minor degree of microscopic remodeling that occurs in the
early stages of any bone stress injury. Radiographic findings are usually seen after 2 to 8 weeks of
symptoms; and in the early stages of these injuries, the sensitivity of radiography may be as low as
10%, and at follow-up 30% to 70% (Prather et al. 1977, Orava 1980, Greaney et al. 1983, Rupani et
al. 1985, Matheson et al. 1987a and 1987b, Nielsen et al. 1991).
In cases where the physical activity is terminated or significantly decreased, the bone stress injury
usually heals before the development of a true fracture. This may be one reason why so many bone
stress injuries are never evident in radiography (Li et al. 1985, Uhthoff and Jaworski 1986, Sallis
and Jones 1991).
2.5.2 Bone scintigraphy
Both xray and nuclear medicine examinations use ionizing radiation. In bone scintigraphy, imaging
is based upon the detection of radiation emitted from a radioactive radiopharmaceutical inside the
patient. In bone scintigraphy, the radiation dose is equal to a dose of 2 years of background
radiation (Kanstrup 1997). For the early detection of bone stress injuries, bone scintigraphy has
been an important imaging modality since the 1970’s (Geslien et al. 1976, Wilcox et al. 1977). Thus
far, it has been used as the gold standard in the diagnosis of bone stress injuries (Anderson and
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Greenspan 1996). Due to its ability to demonstrate subtle changes in bone metabolism long before
changes are seen in radiography, bone scintigraphy is more sensitive than radiography and has been
used if the radiographs are normal, but the symptoms and clinical findings are relevant to bone
stress injuries. The most commonly used radiopharmaceuticals are 99mTc-phosphate analogs.
Pathological uptake can be seen within 6 to 72 hours of the bone stress injury (Greaney et al. 1983).
Although bone scintigraphy is considered to be the gold standard, false-negative bone scintigraphs
have been reported (Milgrom et al. 1984, Keene and Lash 1992, Sterling et al. 1993).
Despite its nearly 100% sensitivity, the specificity of bone scintigraphy is inferior to that of
radiography because of its low spatial resolution. Such pathological conditions as tumors,
infections, bone infarctions, or traction periostitis can also produce a positive finding. In
conventional bone scintigraphy, only delayed scans are used, obtained 2 to 4 hours after
intravenous injection of the radiopharmaceutical. By this time, urinary excretion of the
radiopharmaceutical has cleared substantially all the soft tissue activity. The delayed scan therefore
demonstrates uptake only in the osseous structures. To increase the specificity of the bone
scintigraphy, three-phase bone scintigraphy can be used to differentiate between osseous and soft-
tissue pathologies (Maurer et al. 1981 and 1983, Greyson and Tepperman 1984).
2.5.3 Computed tomography (CT)
CT images are constructed from projections made while measuring the transmission of xrays
through an object. On their way through tissues, xrays are attenuated, mainly due to absorption and
scattering. The main advantages of CT are its ability to distinguish objects in slices or cross-
sectional images according to their position in the projection direction, and to resolve objects with
very small contrast.
In bone stress injuries, the diagnostic value of CT is lower than that of bone scintigraphy and MRI.
One exception is the longitudinal stress fracture of the tibia, which is rarer than the transverse or
oblique variety The longitudinal stress fracture, which may still account for up to 10% of tibial
stress fractures (Allen 1988, Goupille et al. 1989, Clayer et al. 1992, Krauss and Van Meter 1994,
Saifuddin et al. 1994, Williams et al. 1999), is especially difficult to detect on radiography due to its
vertical orientation. Feydy et al. (1998) found CT to be of slightly higher diagnostic value in
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longitudinal tibial stress fractures than is MRI, which, however, depicts significantly better the
associated bone marrow edema and soft tissue lesions. In bone stress injuries, the role of CT is
mainly limited to differential diagnosis (Matheson et al. 1987a, Ammann and Matheson 1991).
2.5.4 Magnetic resonance imaging (MRI)
In 1971 it was shown that the nuclear magnetic relaxation times of normal tissues differed from
those of tumors (Damadian 1971). The first MR images of the whole human body were published in
1977 (Damadian et al. 1977). MRI is performed with a MRI scanner consisting of a strong
homogenous magnetic field, a radiofrequency (RF) emitter and receiver, additional magnetic
gradient fields, and a computer system (Wood and Wehrli 1999).
Almost all MRI applications are primarily based on the NMR signal of the hydrogen nuclei, which
is a single proton. The proton possesses a spin which can be thought of as a small magnetic field
(dipole) which will cause the nucleus to produce a NMR signal. In MRI, these spins are oriented in
an external string magnetic field (B0 field). In current MRI systems, the field has a constant value
over time ranging from 0.02 to 4 tesla (T). Inside the MRI scanner, the RF emitter is coupled to a
transmitter coil, which emits bursts of RF pulses. These external RF pulses serve to disturb the
oriented spins in the patient’s tissues and make these tissues absorb energy. As the disturbed spins
relax back into their equilibrium state, the RF receiver records the emitted signals from tissues. In
MRI, the spatial resolution of the NMR signal is accomplished by use of additional magnetic
gradient fields. The gradient fields permit spatial variation in the main magnetic (B0) field in all
three spatial directions. The collected signal is digitized in an analogue-to-digital converter (ADC)
and stored in the computer system. The computer system then reconstructs the data into an image
by rapid Fourier transformation. As a result, the signal behavior can be observed in small volume
elements (voxels) (Wood and Wehrli 1999).
The NMR phenomenon has many contrast mechanisms. The intensity of the emitted signal is
dependent on the proton density of the tissue and the pulse sequence used. MRI is mainly
determined by T1 relaxation (longitudinal relaxation) and T2 relaxation (transverse relaxation)
processes. Additionally, such parameters as susceptibility effects, magnetization transfer, and
diffusion and flow effects can serve as relevant contrast-determining parameters. MRI produces
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high-resolution, high-contrast two-dimensional image slices of arbitrary orientation, but it is also a
true volume-imaging technique, by which three-dimensional volumes can be measured directly
(Wood and Wehrli 1999).
The power of the RF pulse is related to the angle of the excitation pulse, the flip angle. These angles
between 0° and 90° are typically used in a gradient-echo (GRE) pulse sequence. In a spin echo (SE)
pulse sequence, a series of 180° pulses are applied after a 90° pulse. In an inversion recovery (IR)
pulse sequence, an initial 180° pulse is followed by 90° and 180° pulses (Wood and Wehrli 1999).
MRI is an ideal imaging modality for the musculoskeletal system, because various tissues display
different signal intensities on T1- and T2-weighted images. T1-weighted images (short repetition
time, TR, and time to echo, TE) generally demonstrate good anatomical images due to a relatively
high signal-to-noise ratio coupled with good tissue contrast. T2-weighted images (long TE and TR)
demonstrate water content in various tissues: fluid collections, for example; these images are useful
in detecting the pathological processes in tissues. Fat-suppression techniques are used to reduce to
null the signal from fat, and they are utilized on T2-weighted images to differentiate pathological
water content processes from fat on T2-weighted images (Fleckenstein et al. 1991).
In order to differentiate pathological bone processes from normal bone, it is essential to know and
understand the normal physiology of bone. Red marrow is hematopoietically active and contains
mainly myeloid elements. In contrast, yellow marrow is inactive, and consists mainly of fat cells.
Red marrow contains 40% water, 40% fat, and 20% protein. The corresponding values for yellow
marrow are 15%, 80%, and 5%. Due to these differences in their chemical composition, red and
yellow bone marrow have different effects on MR signal characteristics. In addition, in MRI
diagnoses it must be remembered that during growth red marrow gradually converts to yellow
marrow in a predictable manner (Deutsch et al. 1989).
Normal cortical bone displays low signal intensity on T1- and T2-weighted MR images, but the
MRI appearance of cancellous bone depends on the amount of red and yellow marrow. On T1-
weighted images, yellow marrow has higher signal intensity than the red marrow, and the signal
intensity of red marrow is slightly higher than that of muscle. On T2-weighted images, differences
in the signal intensities between the two marrow types start to blur. Due to its high water content,
red marrow has a signal intensity which may even exceed that of yellow marrow on very heavily
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T2-weighted images. On short tau inversion recovery (STIR) images, red marrow shows a higher
signal intensity than yellow marrow. Due to its high amount of fat, yellow marrow appears black on
STIR images (Vogler and Murphy 1988).
On MR images, a typical early sign of a stress-related bone stress injury is endosteal marrow
edema. Such edema has, however, been considered a nonspecific finding, because it can also be
evident in infections, bone bruises, and malignancies (Parhria and Isaacs 1992, Graft et al. 1993,
Newberg and Wetzner 1994). In bone stress injuries, periosteal or juxtacortical edema and also
muscle edema surrounding the bone may occur. Edema appears as a high signal intensity on STIR
and T2-weighted images and as a low signal intensity on T1-weighted images. A stress fracture line
appears as an intramedullar low signal band or zone on T1- and T2-weighted images. Callus
becomes apparent as an intermediate cortical signal intensity (Lee and Yao 1988, Meyers and
Wiener 1991, Fredricson et al. 1995, Anderson and Greenspan 1996, Yao et al. 1998).
Contrast media may serve to enhance image contrast between pathological and normal tissue. In
MRI, the most commonly used contrast media contains the paramagnetic gadolinium metal ion
(Gd3+). The contrast media is administered by intravenous injection. Gd itself produces no MRI
signal. Instead, it shortens T1- and T2-relaxation times in those tissues in which it accumulates,
resulting in an increase in signal intensity (positive contrast) on T1-weighted images and a decrease
in signal intensity (negative contrast) on T2-weighted images (Runge and Nelson 1999). Dynamic
contrast-enhanced MRI is useful in tissue characterization based on determination of tissue
vascularization and perfusion. In dynamic contrast-enhanced MRI, changes with rapid T1-weighted
sequence in signal intensity in different tissues are measured after the administration of an
intravenous bolus of contrast media. Time-intensity curves (TIC) are plotted based on the signal
intensity changes in the region-of-interest (ROI) as a function of time. The slope steepness of these
curves can be calculated. In musculoskeletal imaging, dynamic contrast-enhanced MRI has been
mainly used in differentiation of malignant bone tumors from benign tumors (Erlemann et al. 1989,
Cova et al. 1991, Verstraete et la. 1994, Shapeero et al. 1999). Among 100 bone and soft-tissue
lesions studied with dynamic contrast-enhanced MRI, Verstraete et al. (1994) found only one stress
fracture.
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2.6 Differential diagnosis of bone stress injuries
Many inflammatory, infectious, vascular, neurological, tumorous, and exertional pathological
conditions of soft tissues and bones of the lower extremities may clinically mimic bone stress
injuries (Mubarak et al. 1982, McBryde 1985, Michael and Holder 1985, Milgrom et al. 1986,
Koskinen and Taimela 1992, Clanton and Solcher 1994). In chronic exertional compartment
syndrome (CECS), extensive repetitive loading of muscles leads to increased intracompartmental
pressure, which probably follows from tissue edema, leading to a decrease in the arteriovenous
pressure gradient and to reduced muscle perfusion (Hutchinson and Ireland 1994). Diagnosis of
CECS can be confirmed by intracompartmental pressure measurement (Styf 1988). The most
serious differential diagnoses are, however, periosteal sarcoma and Ewing’s sarcoma (McBryde
1975 and 1985, Anderson and Greenspan 1996). Differential diagnosis between bone stress injuries
and bone tumors may be clinically difficult, although information on bone stress injuries may come
from the patient’s history of increased physical activity. Imaging studies are needed to confirm the
diagnosis (Anderson and Greenspan 1996).
On radiographs, new bone formation associated with bone stress injuries should not be confused
with that formed by a malignant bone tumor. If any doubt exists in the differential diagnosis
between a bone stress injury and a malignant bone tumor, a repeated radiological examination after
2 to 3 weeks will show in bone stress injuries a typical progressive maturation of the repair process.
In cases of osteosarcoma, this time delay will not affect prognosis (Daffner and Pavlov 1992).
Biopsy should be avoided in bone stress injuries, because the immature osteoid of the callus can be
confused with that seen also in osteosarcoma. Biopsy at a site of bone stress injury may also cause a
reduction in stress tolerance, which may result in a complete displaced fracture (Sutton 1987,
Daffner and Pavlov 1992, Anderson and Greenspan 1996).
On MR images, marrow edema seen in bone stress injuries is a nonspecific finding that can also be
associated with bone infection, bone tumors, and with bone bruising (bone marrow contusion)
(Pathria and Issacs 1992, Graft et al. 1993, Newberg and Wetzner 1994, Schweitzer and White
1996, Lazzarini et al. 1997). Usually bone tumors and bone infections have more soft tissue
findings than do bone stress injuries. If a fracture line is visible, the diagnosis is usually
straightforward (Lee and Yao 1988); otherwise the differential diagnosis can be difficult, as there
are no other specific MRI findings for bone stress injury.
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2.7 Treatment of bone stress injuries
In most cases, conservative treatment is usually sufficient. Abstinence from physical activity is
most crucial. In more severe cases, different kinds of splints and casts as well as crutches may be
necessary. Length of rest depends on the bone affected and severity of the injury. In any case, return
to ordinary physical activity should be gradual. In certain problematic bone stress injuries such as
of the femoral neck, tibia, tarsal navicular, or proximal fifth metatarsal, or in cases of displaced
fractures, or in cases where the conservative treatment is unsufficient, surgical treatment, mainly
internal fixation, is necessary (Hulkko and Orava 1987, Sallis and Jones 1991, Monteleone 1995,
Reeder et al. 1996).
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3 AIMS OF THE PRESENT STUDY
The purposes of the present study were:
1. To determine the validity of MRI in the assessment of bone stress injuries (I).
2. To assess the value of dynamic contrast-enhanced MRI in bone stress injuries (II).
3. To compare the diagnostic accuracy of MRI for bone stress injuries with that of clinical
examination (III).
4. To compare MRI with radiography and bone scintigraphy for diagnosis of bone stress injuries
(IV).
5. To evaluate MRI and anterior tibial compartmen pressure measurement findings in stress-related
anterior lower leg pain (V).
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4 MATERIALS AND METHODS
All the studies (I-V) were performed at the Departments of Radiology and Surgery, Central Military
Hospital, Helsinki, Finland, and were approved by the Medical Ethics Committee of the Central
Military Hospital.
4.1 Patients
The total number of patients was 412. All were undergoing military training as conscripts in the
Finnish Defense Forces between March 1997 and December 2000. During that period, 1 855 female
conscripts and 118 231 male conscripts served in the Finnish Military Forces. All the 412 patients
studied had a suspicion of a bone stress injury in the lower extremity or the pelvis which could not
be diagnosed or treated in their primary health-care units, so were referred from the primary health-
care units to the Central Military Hospital for an orthopedic consultation. After the clinical
examination, the patients were referred to imaging studies in the Department of Radiology of the
Central Military Hospital. Diagnoses were verified by later clinical and radiological follow-up
studies. Of these 412 patients, 210 had bone stress injuries, and due to multiple such injuries, the
210 patients had a total of 274 bone stress injuries.
Study I
For the retrospective Study I, 50 conscripts (8 female, 42 male; ages 18–27 years; mean 20 years)
were selected. Of the 50 patients, 30 had a total of 40 bone stress injuries; 20 patients served as
normal controls without any bone stress injuries. The MR images had been printed as 14” x 17”
hard copies, 4 columns and 5 rows. These copies were randomized by imaging sequence and plane,
and only one copy for one patient at one time was interpreted. The film copies were interpreted as
to bone stress injuries by four radiologists: two musculoskeletal radiologists and two radiological
residents. After a 4-week interval, the copies were reviewed for the second time by each reader, and
the readers were asked to confirm or exclude the diagnosis of bone stress injury.
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Study II
In this prospective study, 30 patients (four female, 26 male; ages 17–25; mean 20.5 years) were
studied with dynamic contrast-enhanced MRI. Each of the patients had conventional MRI findings
of bone stress injury that was obtained before dynamic contrast-enhanced MRI.
Study III
This retrospective study included 340 consecutive conscripts (45 female, 295 male; ages 18–29;
mean 20.7) suffering from stress-related hip, buttock, or groin pain. All 340 patients underwent
MRI of the pelvis and proximal femurs for a clinical suspicion of bone stress injury. Radiographic
data were available for 215. Average duration of symptoms was 56 days (range 3–360 days), and
the radiographs were taken on average 12 days before MRI.
Study IV
This prospective study included 50 consecutive conscripts (8 female, 42 male; ages 18–27; mean
20.1) referred to orthopedic consultation for stress-related pain in the pelvis or in the lower
extremities. A total of 52 radiographic examinations were obtained from 43 of these 50 in their
primary health-care unit before they were referred to the Central Military Hospital. The radiographs
had been taken within, on average, 37 days (range 5-120) after onset of symptoms. In the Central
Military Hospital, all 50 patients underwent MRI, and were then referred for bone scintigraphy at
the Department of Clinical Physiology, Diacor Health Services, Helsinki, Finland. Scintigraphy was
done within, on average, 14 days (range 0-28) after radiography, and MRI within, on average, 2
days (range 0-14) prior to or after bone scintigraphy.
Study V
This retrospective study included 24 consecutive conscripts (1 female, 23 male; 18–23; mean 20)
suffering from stress-related anterior lower leg pain. Based on clinical examination, the symptoms
of these patients suggested anterior CECS. These patients underwent both MRI and
intracompartmental pressure measurement of the leg, the latter following the former within an
average of 5 days (range 0–21). Because 20 patients had bilateral symptoms, a total of 44 legs were
examined. Mean duration of symptoms was 14.7 weeks (range 5–60).
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4.2 Methods
4.2.1 Radiography
In bone stress injuries, conventional anteroposterior and lateral radiographs were taken.
Radiographic examinations were performed either in the military primary health-care unit before
the patient was referred to the Central Military Hospital, or in the military hospital. The following
radiographic signs related to bone stress injury were recorded: gray cortex sign, periosteal callus,
endosteal callus, and fracture line. Respectively, in cancellous bone the radiographic signs were
subtle blurring of trabercular margins, faint sclerotic areas (peritrabecular callus), and a sclerotic
band.
4.2.2 Bone scintigraphy
In Study IV, all 50 patients underwent bone scintigraphy at the Department of Clinical Physiology,
Diacor Health Services, Helsinki, Finland. Two-phase bone scintigraphy was done with a Siemens
Multispect 2 Dual Detector Gamma Camera System (Siemens Medical Engineering Group,
Erlangen Germany), using a high-resolution collimator. TechneScan HDP (oxidronate)
(Mallinckrodt Medical B.V Petten, Netherlands) of an average radioactivity of 590*106 becquerel
was injected intravenously. Blood-pool images were obtained within 5 minutes of the injection and
delayed phase images 3 hours after the injection. The diagnosis of an acute bone stress injury was
based on the appearance of a focal, cortical, or medullary zone of increased radionuclide uptake in
both phases of bone scintigraphy.
4.2.3 MRI
In all studies (I-V), MR imaging was done on a 1.0T scanner (Signa Horizon, GE Medical Systems,
Milwaukee, WI, USA) at the Central Military Hospital, Helsinki, Finland. A body coil was used to
study the pelvis and the leg, and a surface coil to scan the foot. Coronal T1-weighted spin-echo
(SE) sequence images (TR/TE = 600 msec / 19 msec, with 2 signals averaged, and a 256 x 224
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matrix) were taken, followed by coronal and axial T2-weighted fast spin echo (FSE) sequences with
fat-suppression (3000-6200/75-80, with 2 signals averaged and a 512 or 256 x 224 matrix). A
coronal STIR sequence was also used (5400/17, inversion time (TI) = 140 msec, with 2 signals
averaged and a 256 x 224 matrix). The field of view (FOV) was 32-48 cm x 24-48 cm, and the slice
thickness 4.0 to 5.0 mm, with a 0.5 to 1.0 mm intersection gap.
Edema in bone marrow, periosteum, or the muscle surrounding the bones, as well as a fracture line
and callus in the cortical bone were the MRI signs recorded for bone stress injury. Edema was
represented as low or intermediate signal intensity on T1-weighted images and as high signal
intensity on T2-weighted and STIR images. A fracture line appeared as a low signal intensity line
on all these pulse sequences. Callus became apparent as an intermediate cortical signal intensity
mass.
In Study II, dynamic contrast-enhanced MRI was performed after a manual intravenous bolus
injection of gadolinium diethylenetriaminepentaacetic acid (Gd-DTPA) (Magnevist, Schering,
Berlin, Germany) with a dose of 0.1 mmol per kilogram of body weight. A short T1-weighted fast
spoiled gradient echo (FSPGR) multiphase special sequence (TE 2.0 TR 8.6; flip angle 45 degrees,
FOV 40 cm x 40 cm, slice thickness 10 mm, acquisition matrix 256 x 128, with 2 signals averaged)
was performed. Sixty axial or coronal multiphase images were taken in 134 seconds. On all
sequences the transmitter and receiver attenuation were held constant. The data obtained were
analyzed with FuncTool® software (Advantage Workstation 3.1, 1998; GE Medical Systems). This
program calculates the integral of the signal intensity changes from phase to phase and plots the
results as a parametric color map image. A region of interest (ROI) was located on the site of bone
stress injury and on the reference areas taken from muscle and, if studied, from the contralateral
region. ROIs were visually selected, based on precontrast images. The changes in signal intensity
were plotted as a function of time, expressed by a time-intensity curve (TIC). From this curve the
highest increase in signal intensity was determined by measurement of the steepest slope by use of
the formula (Erlemann et al. 1989):
where SIend is the signal intensity at the end point of the steepest slope, SIstart is the signal intensity
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at the starting point of the steepest slope, SIbaseline is the average of the signal intensities before
gadolinium enhancement, and T is the time between SIstart and SIend.
Maximum enhancement was determined by the use of the formula (Erlemann et al. 1989):
where SImax is the average of the signal intensities in the plateau phase of the TIC after the steepest
slope, and SIbaseline is the average of the signal intensities before gadolinium enhancement.
4.2.4 Intracompartmental pressure measurement
In Study V, in order to diagnose or exclude CECS, intracompartmental pressure was measured in
the anterior tibial compartment by a slit-catheter (Stryker, Kalamazoo, MI, USA) technique
(Rorabeck et al. 1981, Moed and Thorderson 1993). The catheter was connected to an aneroid
manometer as described by Whitesides et al. (1975). Measurements were made within one minute
of the end of a standard treadmill exercise protocol, during which the subject was running on a
horizontal treadmill for 10 minutes at a speed of 10 km/h. Pressure measurements were obtained
with the patient in the supine position. The pressure measurement system was calibrated against a
mercury column. Intracompartmental pressure was regarded as pathological if, after the exercise, it
was 40 mm Hg or more (Hutchinson and Ireland 1994).
4.2.5 Statistical methods
Statistical analysis was done with a commercially available package (Arcus QuickStat Biomedical
version 1.1, 1997; Addison Wesley Longman Limited, Cambridge, UK). Kappa analysis served to
analyze intra- and interobserver variation (I) and inter-rater agreement between different imaging
modalities (III, IV). Values for sensitivity, specificity, accuracy, and positive predictive value
(PPV) and negative predictive value (NPV) were calculated for different readers (I) and imaging
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modalities (III, IV). Significances of differences were assessed by the Fisher exact-probability test
(II, IV, V) between different imaging modalities or methods, the Cochran Q-test (I) between
readers, and the proportion test (V) between patients with and without CECS. A two-tailed t-test
served to test the statistical differences between each pair of two groups (II, V). In the statistical
analysis, p-values less than 0.05 were considered significant. The Kappa values for agreement were
interpreted as follows: 0.0 to 0.2, poor; 0.21 to 0.4, fair; 0.41 to 0.6, moderate; 0.61 to 0.8, good;
and 0.81 to 1.0, very good.
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5 RESULTS
5.1 Validity of MRI in diagnosis of bone stress injuries (I)
In diagnosis of bone stress injury, intraobserver agreement for coronal and axial T2-weighted fat-
suppressed images and coronal STIR images was very good. Kappa values were, however, higher
for STIR images than for T2-weighted fat-suppressed images. Intraobserver agreement for T1-
weighted images ranged from moderate to good.
Interobserver agreement was good to excellent for STIR and T2-weighted fat-suppressed images
but only fair to moderate for T1-weighted images. In reading T2-weighted fat-suppressed images,
interobserver variation depended on the imaging plane and anatomical region used. When coronal
images were compared to axial images, interobserver agreement improved from good to very good
in the pelvis and from fair or good to very good in the tibial shaft. In the analysis of the femoral
neck, no significant difference existed in the interobserver variation between these two imaging
planes.
Diagnostic accuracy was higher for all readers when using STIR and T2-weighted fat-suppressed
images than when using T1-weighted images (p < 0.05). In the study of the capability of coronal
STIR images to stage between normal and different findings of bone stress injury, sensitivity
ranged from 88% to 98%, specificity from 96% to 100%, and accuracy from 95% to 99%. In
grading of bone stress injuries, sensitivity ranged from 72% to 93%, specificity from 89% to 100%,
and accuracy from 87% 99%. The intra- and interobserver agreement in differentiation of normal
bones from bone stress injuries, as well as in the staging of bone stress injuries was very good.
5.2 Dynamic contrast-enhanced MRI in bone stress injuries (II)
In any bone stress injury where conventional MRI revealed a fracture line, callus, or muscle edema,
dynamic contrast-enhanced MRI showed that the values for the steepest slope differed significantly
from those of the reference points (p=0.0023, p=0.0045, and p=0.037, respectively). On the other
hand, bone stress injuries with only endosteal or periosteal edema showed no increased tissue
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perfusion determined by measurements of TICs when compared to the reference points (p=1.0 and
p=0.16, respectively).
Thus, in Study II, based on MRI signs of bone stress injuries in conventional MRI and their
different dynamic contrast-enhancement behavior, a modified MRI grading system for bone stress
injuries could be assessed: Grade I, endosteal marrow edema on T1- and/or T2-weighted images
without dynamic contrast-enhancement (Study II Fig. 1); Grade II, periosteal edema and endosteal
marrow edema on T1- and/or T2-weighted images without dynamic contrast-enhancement (Study II
Fig. 2); Grade III, muscle edema, periosteal edema, and endosteal marrow edema on T1- and/or T2-
weighted images with dynamic contrast-enhancement (Study II Fig. 3); Grade IV, fracture line with
dynamic contrast-enhancement (Study II Fig. 4); Grade V, callus in cortical bone with dynamic
contrast-enhancement (Study II Fig. 5).
5.3 Diagnostic accuracy of MRI compared with clinical examination in bone stress injuries
(III)
Based on MR imaging of the entire pelvis and proximal femurs, of the 340 patients with suspicion
of a bone stress injury based on clinical examination, in 137 (32 female, 105 male) a total of 174
bone stress injuries were diagnosed. Of these 174, 105 (60%) were located in the proximal femur:
of these, 70 (67%) in the femoral neck, 34 (32%) in the proximal femoral shaft, and one (1%) in the
femoral head. Of these 174 stress injuries, 69 (40%) were located in the pelvic bones. Among these
pelvic stress injuries, 28 (41%) were in the sacrum, 34 (49%) in the inferior pubic ramus, 3 (4%) in
the superior pubic ramus, 3 (4%) in iliac bone, and 1 (1%) in the acetabulum. In 31 (18%) of the
174 bone stress injuries, symptoms were contralateral to MRI findings. Of the total of 137 patients,
33 (24%) had multiple bone stress injuries: 29 had two bone stress injuries, and four patients had
three.
The incidence of bone stress injuries of the pelvis and proximal femur was significantly higher in
female conscripts than in the males (p<0.0001). Although the percentage of female conscripts
exhibiting bone stress injuries located in the pelvis was higher than for male conscripts, this
difference was not statistically significant (p=0.073, 95% confidence interval (CI) = -0.015 to 0.25).
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5.4 MRI, radiography, and bone scintigraphy in diagnosis of bone stress injuries (III, IV)
In Study III, in which MRI was the gold standard, the sensitivity of radiography was 37%,
specificity 79%, accuracy 60%, PPV 59%, and NPV 61%. The Kappa value for agreement between
radiography and MRI was poor, 0.17 (p=0.0008). In Study IV, in which the bone scintigraphy was
the gold standard, sensitivity of radiography was 56%, specificity 94%, accuracy 67%, PPV 95%,
and NPV 48%. The Kappa value for agreement between radiography and bone scintigraphy was
fair, 0.39 (p=0.0008). In Study IV, positive findings obtained from radiography correlated with MR
signs of fracture line or callus (p<0.001). The early phases of the bone stress injuries were not
reliably visible with radiographs.
In Study IV, in which bone scintigraphy was the gold standard, sensitivity of MRI was 100%,
specificity 86%, accuracy 95%, PPV 93%, and NPV 100%. In Study IV, MRI depicted three bone
stress injuries that were not visible for bone scintigraphy (Study IV, Fig. 1,2,3). The Kappa value
for agreement between MRI and bone scintigraphy was very good, 0.89 (p<0.0001).
5.5 MRI in stress-related anterior lower leg pain (V)
In Study V, on clinical examination of 24 symptomatic patients, 44 legs were suspected of anterior
CECS. In the intracompartmental pressure measurement of the anterior tibial compartment, bilateral
CECS was diagnosed in 8 patients, unilateral CECS in 6, for a total of 22 legs (50%). MRI depicted
stress injury changes in 35 of the 44 legs: 33 of these exhibited tibial stress injury, and 2 others
tibial traction periostitis. No significant differences existed in MRI findings relating to bone
between patients with and without CECS (p>0.05). In 73% of cases of CECS, MRI revealed a bone
stress injury. However, such bone stress injuries were also evident in patients without CECS. As far
as findings relating to palpation, passive stretching, joint movement, pulses, sensation, and skin
changes were concerned, no significant differences appeared between patients with and without
CECS (p>0.05).
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6 DISCUSSION
6.1 Patients
The conscripts of this study were undergoing military training in the Finnish Defense Forces.
Military equipment in their training was identical for all patients. Their age-range was narrow and
all had a history of stress-related pain of a lower extremity or the pelvis during their military
service.
The inclusion criterion was a bone stress injury based on clinical examination. The patients were
referred to the Central Military Hospital because they had a suspicion of a bone stress injury located
in the proximal femurs or pelvic bones that could result in severe complications without appropriate
diagnosis and treatment. MRI verified a bone stress injury in approximately half these cases.
Milgrom et al. (1985) showed with bone scintigraphy that 69% of the femoral and 8% of the tibial
stress fractures are asymptomatic. In the present study, the relatively high number of negative MRI
scans demonstrates the difficulties in assessing bone stress injuries by clinical examination. It may
also be due to a low threshold for MRI examinations in patients with a suspicion of bone stress
injury, in an attempt to avoid possibly severe complications. Moreover, some conscripts apparently
were malingering and simulating symptoms resembling those of bone stress injuries in order to
avoid strenuous and unpleasant military tasks. As these injuries are common among military
recruits, conscripts have all been well informed of the appearance as to these symptoms at the
beginning of their training. 
The distribution of bone stress injuries in the present study differs from previously reported
distributions in Finnish conscripts (Sahi et al. 1996). The incidence of bone stress injuries in the
femur and pelvic bones is higher in the present study than in Sahi et al. (1996), and the incidence
for tibial, tarsal, and metatarsal stress injuries is lower. One reason for this is that the patient
population in the present study was from the Central Military Hospital, which serves as a secondary
health care unit in the military health care system in Finland. Primary health-care units have thus
diagnosed and treated the potentially less serious bone stress injuries, such as bone stress injuries of
the foot; potentially more harmful bone stress injuries, such as of the femur and pelvis, are referred
to the Central Military Hospital for orthopedic consultation.
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6.2 MRI of bone stress injuries
6.2.1 Validity of MRI
The pathophysiology of bone stress injuries represents a wide spectrum of events, from accelerated
remodeling to stress fracture (Anderson and Greenspan 1996). Typical early MRI findings of a
bone stress injury are endosteal and periosteal edema as well as edema in the muscles surrounding
the injured bone. Those changes are seen as low signal intensity on T1-weighted images and high
signal intensity on STIR and T2-weighted images (Fredericson et al. 1995, Yao et al. 1998). Edema,
however, is a non-specific finding that can be associated with bone stress injuries, infections, bone
bruises, and malignancies (Parhria and Isaacs 1992, Graft et al. 1993, Newberg and Wetzner 1994).
Bone marrow edema can occur in asymptomatic physically active individuals (Lazzarini et al. 1997,
Lohman et al. 2001). A fracture line is considered to be specific for bone stress injury, and it is seen
as an intramedullar low signal intensity line in all pulse sequences, whereas callus becomes
apparent as an intermediate cortical signal intensity (Lee and Yao 1988, Meyers and Wiener 1991,
Fredricson et al. 1995, Anderson and Greenspan 1996, Yao et al. 1998). By these MRI criteria,
Study I showed that different stages of bone stress injuries, as well as normal findings, could be
reliably diagnosed.
Very little has been published on the diagnostic accuracy of MRI in bone stress injuries. When
assessing bone stress injury by using all available MR images, Hodler et al. (1998) reported
sensitivity and specificity rates of 60% and 100%. They reported that the false-negative MR
findings were due to reader errors, suboptimal choice of imaging planes and sequences,
inhomogeneities in fat-suppression, and partial volume effects. In Study I, the rates for diagnostic
accuracy were not, however, fully comparable with theirs, because in the present study, diagnostic
values had been calculated separately for different pulse sequences and imaging planes.
Images were interpreted in Study I based on one image plane or one imaging sequence at a time,
with no clinical information available about the patient. This differs from normal diagnostic
readings, where all information obtained from different MR imaging planes and sequences is used
at the same time, together with the patient’s clinical information. In Study I, diagnostic accuracy
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rates for the readers may thus be lower than would have been the outcome in the normal clinical
situation.
Several fat-suppression techniques such as STIR are used to maximize the sensitivity of MR
imaging in bone stress injuries and consequently to improve its diagnostic accuracy (Lee and Yao
1988, Meyers and Wiener 1991, Anderson and Greenspan 1996). In Study I, STIR and fat-
suppressed T2-weighted images showed higher sensitivity and accuracy rates than did T1-weighted
images. In Study I, that the STIR images had higher diagnostic accuracy than did the T2-weighted
fat-suppressed images was probably due to the better and more homogenous fat-suppression in
STIR images. Diagnostic values between the readers did not show significant differences when they
were using STIR and T2-weighted fat-suppressed pulse sequences, showing that readers´
experience is not absolutely essential for the use of these pulse sequences to diagnose bone stress
injuries.
In cases of partial volume effect or suboptimal choice of imaging planes, some findings may be too
subtle to be visible in only one imaging plane or pulse sequence. In Study I, due to the partial
volume effect, the coronal images showed lower diagnostic accuracy rates than did the axial T2-
weighted fat-suppressed images. The MRI scans were done with a body coil and a large FOV,
which leads to large pixel size. With the use of a smaller FOV, the MR images would have
produced more information, probably increasing diagnostic accuracy, especially for T1-weighted
images.
6.2.2 Dynamic contrast-enhanced MRI
Dynamic contrast-enhanced MRI has been useful in tissue characterization and provides
information about the vascularization and perfusion of a lesion in tissue (Erlemann et al. 1989,
Cova et al. 1991, Verstraete et al. 1994), for instance in characterezing musculoskeletal neoplasms
(Erlemann et al. 1989, Cova et al. 1991, Verstraete et al. 1994, Shapeero et al. 1999). In their study,
Verstraete et al. (1994) examined 100 bone and soft-tissue lesions with dynamic contrast-enhanced
MRI; one of the lesions was a stress fracture with a slope value of 24.0% per second. In the present
study, the mean slope value was 2.5% per second. Although the same slope definitions are used in
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Study I as in Verstraete et al. (1994), the numerical values are not comparable, due to the
differences between dynamic pulse sequences, temporal resolutions, and field strengths.
In Study II it was noticed that in bone stress injuries with a MRI finding of fracture line, callus, or
muscle edema, tissue perfusion was significantly increased when assessed with dynamic contrast-
enhanced MRI. Correspondingly, cases of only endosteal and periosteal edema showed no signs of
increased perfusion. Because, due to technical limitations, only one slice was obtained in the
multiphase dynamic contrast-enhanced MRI, this slice was thus presumed to represent the entire
lesion, which in some cases may have led to bias.
Fredericson et al. (1995) published an MRI grading system for bone stress injuries, based on tibial
stress reactions in runners, in which periosteal edema alone represented the lowest bone stress
injury grade. Yao et al. (1998) noticing that almost a third of their patients represented only
endosteal and not periosteal edema, suggested that the lowest grade should be endosteal edema.
This was also the case in our study. Yao et al. (1998) suggested that the lowest grade should be
considered as manifested when the marrow changes on the T1-weighted SE images are equal to or
greater in extent than the corresponding findings on the T2-weighted images. In Study II, we
considered the T2-weighted FSE fat-suppressed images to be more sensitive than the T1-weighted
SE images in detecting the marrow changes; this was then, in Study I, proven to be the case. Yao et
al. (1998) defined the MRI sign of muscle edema as the third grade of bone stress injury. Fracture
line was the highest grade in the grading systems of both Fredericson et al. (1995) and Yao et al.
(1998). We were able to use the sign of cortical callus as the fifth grade.
6.3 MRI and clinical findings in bone stress injuries
Bone stress injuries are difficult to diagnose based only on clinical examination, because symptoms
may vary depending on the phase of the pathophysiological spectrum; pain may be local, radiating,
or diffuse, acute or insidious, and symptoms depend on the bone involved (Wilson and Katz 1969,
Greaney et al. 1983, Markey 1987a, Jones et al. 1989, Sallis and Jones 1991, Sterling et al. 1992,
Anderson and Greenspan 1996, Shin et al. 1996). This was also the case in Study III.
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Study III showed that stress injuries of the pelvic bones and proximal femur cause similar
symptoms, and the site could not be reliably differentiated on clinical examination. Bone stress
injuries in the proximal femur are considered to be more common than in the pelvic bones, where
the pubic ramus is the most common site (Matheson et al. 1987a). In Study III, sacral stress injuries
appeared, however, almost as frequently as did those of the pubic ramus, and were more common
than has been reported. Only case reports have appeared on sacral bone stress injuries (Czarnecki et
al. 1988, Bottomley 1990, Brahme et al. 1990, McFarland and Giangarra 1996, Eller et al. 1997,
Crockett et al. 1999, Featherstone 1999, Major and Helms 2000, Milgrom 2000), which is probably
due to the fact that such injuries are not well known and thus seldom suspected. Other pelvic bone
stress injuries were more rare. Multiple pelvic stress injuries were, however, seen on MRI, as well
as simultaneous pelvic and proximal femur stress injuries, although these could not be anticipated
upon clinical examination. This may also be due to the fact that bone marrow edema can occur in
asymptomatic physically active individuals (Lazzarini et al. 1997, Lohman et al. 2001). In Study
III, patients with multiple bone stress injuries showed bone marrow edema also on the
asymptomatic side, and fracture line and callus were also appearent on the asymptomatic side.
In Study III, that female conscripts had a higher bone stress injury incidence than did male
conscripts, is in agreement with previously published findings in both military and athlete
populations (Protzman and Griffis 1977, Protzman 1979, Brudvig et al. 1983, Matheson et al.
1987a). Female gender is a risk factor for bone stress injuries, especially for females with eating
disorders, menstrual dysfunction, and osteopenia, commonly known as the “Female Athlete Triad
syndrome” (Bennell et al. 1996, Otis et al. 1997).
Study III showed that bone stress injuries must be verified with MRI, because the information
obtained from clinical examination may be misleading. MRI screening with a large FOV must be
used to identify potential bone stress injuries.
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6.4 MRI versus radiography and bone scintigraphy
6.4.1 Radiography
In the diagnosis of bone stress injury, radiographs have poor sensitivity but are highly specific
(Prather et al. 1977, Orava 1980, Greaney et al. 1983, Rupani et al. 1985, Matheson et al. 1987a and
1987b, Nielsen et al. 1991). In Studies III and IV, the diagnostic accuracy of radiography was
compared to that of MRI and bone scintigraphy, and the correlations between findings of bone
stress injuries were fair to poor. In Studies III and IV, the sensitivity and the specificity of
radiography are both in agreement with those of previous studies (Prather et al. 1977, Orava 1980,
Greaney et al. 1983, Rupani et al. 1985, Matheson et al. 1987a and 1987b, Nielsen et al. 1991).
Study IV showed that radiography findings did correlate with the MRI signs of fracture line or
callus, but the early phases of bone stress injuries verified with MRI cannot be reliably seen with
radiographs. Therefore, negative radiography for bone stress injury should be completed with MRI.
Due to its relatively high specificity, as shown also in Studies III and IV, a positive radiograph can
reliably confirm the diagnosis without any further imaging studies. When a bone stress injury is
suspected at clinical examination, radiography should be chosen as the initial imaging modality.
In Study III, the sensitivity of radiography for bone stress injuries depended on the bone involved;
for example, radiography revealed no sacral bone stress injuries, but in the femoral neck the
sensitivity was 33%, in the inferior pubic ramus 47%, and in the proximal shaft of the femur 60%.
This result was probably due to the three-dimensional geometry of the sacral alae, any overlying
bowel gas, and the fact that sacral bone stress injuries do not tend to produce callus. Other imaging
modalities such as MRI and bone scintigraphy should be used in cases with a possibility of sacral
stress injuries.
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6.4.2 Scintigraphy
Although bone scintigraphy has been considered the gold standard in the diagnosis of bone stress
injury (Anderson and Greenspan 1996), false-negative cases of bone scintigraphy have been
reported (Milgrom et al. 1984, Keene and Lash 1992, Sterling et al. 1993). When compared with the
findings obtained from MR imaging in Study IV, there were three false-negative scintigraphic
examinations. In two cases, scintigraphy failed to reveal a stress injury of the femoral neck, and in
one case, a stress fracture of the sacrum. Because MRI and scintigraphy were performed during the
same day in two cases, and in one case scintigraphy was performed three days after MR imaging,
the time factor does not account for these false-negative results. Two of the case reports of false-
negative bone scintigraphy (Keene and Lash 1992, Sterling et al. 1993) also included femoral neck
stress injuries. A missed stress injury of the femoral neck may lead to a complicated displaced
fracture, with a subsequent severe disability from avascular necrosis of the femoral head
(Blickenstaff and Morris 1966, Bargren et al. 1971, Fullerton 1990, Johansson et al. 1990, Visuri et
al. 1990, Mendez and Eyster 1992).
Although in bone stress injuries scintigraphy has a sensitivity of nearly 100%, its specificity is
considerably lower (Markey 1987b, Matheson et al. 1987b, Shin et al. 1996, Stafford et al. 1986),
which is at least in part due to the lower spatial resolution of bone scintigraphy (Markey 1987b,
Shin et al. 1996). Three-phase scintigraphy and single photon emission computed tomography
(SPECT) can be utilized to maximize specificity (Maurer et al. 1981 and 1983, Greyson and
Tepperman 1984, Anderson and Greenspan 1996). In Study IV, the bone scintigraphy was
performed with a two-phase technique. One- and two-phase scintigrams have both, however, shown
excellent sensitivity (Shin et al. 1996, Hodler et al. 1998).
In the assessment of bone stress injuries, Study IV showed very good agreement between MRI and
scintigraphy, like that previously reported (Fredericson et al. 1995, Anderson and Greenspan 1996,
Shin et al. 1996). The diagnostic value of MRI was, however, higher than that of scintigraphy. MRI
has previously been shown to be more specific than scintigraphy in the diagnosis of bone stress
injuries (Stafford et al. 1986, Fredericson et al. 1995, Shin et al. 1996).
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6.5 MRI in stress-related anterior lower leg pain
Stress-related anterior lower leg pain, common in the military and in groups of athletes (Milgrom et
al. 1986), can be caused by tendinitis, periostitis, osteomyelitis, strain, intermittent claudication,
shin splints, osteoid osteoma, and CECS (Mubarak et al. 1982, McBryde 1985, Michael and Holder
1985, Milgrom et al. 1986, Koskinen and Taimela 1992, Clanton and Solcher 1994). Clinically
differentiating these causes may be difficult and unreliable, due to similar, usually bilateral,
symptoms at the same site (Rosfors et al. 1992, Hutchinson and Ireland 1994). Intracompartmental
pressure measurement is needed to diagnose CECS (Styf 1988), and different imaging studies are
used to diagnose the other causes of stress-related anterior lower leg pain. In Study V, the pressure
measurement was performed in the anterior tibial compartment, because this tibial compartment has
been reported to be the most common location for CECS (Jones et al. 1989). Measurement only of
this compartment in the present study meant that other compartmental CECS could have been
missed.
Study V revealed no specific soft tissue MRI findings for CECS, which is in agreement with
previously published studies where only post-exercise MRI has revealed increased signal intensity
in compartmental muscles (Eskelin et al. 1998, Verleisdonk et al. 2001). MRI revealed, however,
signs of bone stress injuries and traction periostitis both in patients with and without CECS. Thus,
stress-related anterior leg pain can be caused by CECS, bone stress injury, or traction periostitis,
which can occur separately or simultaneously.
6.6 Diagnostic imaging in bone stress injuries
Based on Studies I to V, it can be concluded that conventional radiography should serve as the
primary imaging modality when a bone stress injury is clinically suspected, and in a case of a
positive finding for bone stress injury, no other imaging modalities are needed to confirm the
diagnosis. In a case of a negative finding, the diagnosis should be confirmed or excluded with MRI
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rather than with bone scintigraphy or repeated radiography examinations, to ensure rapid and
accurate diagnosis. This is important for appropriate treatment and to avoid complications,
especially in such special groups as conscripts and professional athletes who have to exercise
continuously nearly every day, or in cases with any a suspicion of a femoral or a pelvic bone stress
injury. In the MRI examination, a large FOV and STIR pulse sequence should be used for
screening.
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7 CONCLUSIONS
Based on Studies I to V, the following conclusions could be drawn:
1. MRI was a valid imaging modality in the assessment of different stages of bone stress injuries
with the use of STIR and fat-suppressed T2-weighted sequences.
2. Bone stress injuries with MRI signs of muscle edema, fracture line, or callus showed increased
tissue perfusion, as verified with intravenous gadolinium contrast-enhancement.
3. MRI more readily revealed signs associated with bone stress injuries than could be anticipated
based on clinical examination. Because the findings obtained from clinical examination are often
unreliable, a screening using large FOV should be utilized to identify the bone stress injuries.
4. In bone stress injuries, the diagnostic value of MRI was better than two-phase bone scintigraphy
and radiography.
5. Stress-related anterior lower leg pain can be caused by CECS, bone stress injury, or traction
periostitis, each of which can occur separately or simultaneously.
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8 SUMMARY
The purpose of the present study was to assess the diagnostic value of MRI in the evaluation of
bone stress injuries.
STUDY I
The validity of MRI in the assessment of bone stress injury was determined. MR images of 50
conscripts were retrospectively evaluated twice for stress injuries to bone by four radiologists (two
musculoskeletal radiologists, two radiology residents). Coronal T1-weighed and STIR images, as
well as axial and coronal T2-weighted fat-suppressed images were taken. Rates for MRI sensitivity
were 27% to 96%, for specificity 65% to 100%, and for diagnostic accuracy 58% to 97%. The
lowest rates were seen in the reading of T1-weighted images and highest in the reading of STIR
images. Readers showed moderate to excellent intraobserver agreement. Interobserver agreement
was fair to excellent, and the lowest values were seen in the interpretation of T1-weighted images.
Normal findings could be differentiated from various grades of stress injury to bone. MRI was a
valid means of revealing the presence of bone stress injuries and their staging. Observer agreement
was good to excellent for T2-weighted images and STIR images, whearas T1-weighted images
were of lesser value.
STUDY II
The value of dynamic contrast-enhanced MRI in bone stress injuries was assessed. Thirty patients
with MR imaging findings of 37 bone stress injuries were examined by use of dynamic gadolinium
contrast-enhancement. The enhancement was evaluated with time-intensity curves. The highest
slope and maximum enhancement values were calculated and compared with the different
precontrast MR imaging signs of bone stress reactions. A fracture line, callus, and muscle edema
were the MR imaging signs whith a significant correlation with the dynamic contrast-enhancement.
Neither periosteal nor marrow changes showed any significant correlation. A modified MR grading
system for bone stress injuries could be assessed. Bone stress injuries with MRI signs of callus,
fracture line, or muscle edema showed increased tissue perfusion.
STUDY III
The diagnostic accuracy of MRI in bone stress injuries was compared with clinical examination
findings. For this purpose, 340 consecutive conscripts suffering from stress-related hip, buttock, or
44
groin pain took part. All 340 patients underwent MR imaging. MRI revealed bone stress injuries in
40%, and of these, 60% were located in the proximal femur and 40% in the pelvic bones. In 18%
cases of bone stress injuries, symptoms were contralateral to MR findings: 24% of the patients had
multiple bone stress injuries on MRI. MRI readily revealed potential bone stress injuries of
asymptomatic areas in patients reporting stress-related pain. Because of radiating pain and multiple
bone stress injuries, a MRI scan should cover larger anatomical areas than the painful site to ensure
accurate diagnosis.
STUDY IV
MRI was compared with radiography and bone scintigraphy in the diagnosis of bone stress injuries.
Fifty consecutive conscripts with clinical signs of a bone stress injury underwent MR imaging and
bone scintigraphy: 43 also had radiographs available. The kappa value for radiography and bone
scintigraphy was fair. The kappa value for MR imaging and bone scintigraphy was very good. MR
imaging depicted three bone stress injuries not visible in bone scintigraphy. Positive findings
obtained from radiography correlated with MR signs of fracture line or callus. MRI had the highest
diagnostic values, and radiography the lowest. Radiography revealed mainly late phases bone stress
injury signs such as fracture line and callus. In bone stress injuries, the diagnostic value of MRI was
better than was two-phase bone scintigraphy or radiography.
STUDY V
The causes of anterior lower leg pain were evaluated by comparing MRI and anterior tibial
compartment pressure measurement. All medical data was gathered for 24 conscripts with stress-
related anterior lower leg pain; 20 exhibited bilateral symptoms. In 22 of the 44 cases,
intracompartmental pressure was pathological. MRI revealed bone abnormalities in 35 symptomatic
legs: 33 exhibited bone stress injuries, 2 legs traction periostitis. On MRI, no difference appeared in
bone findings between patients with and without CECS. Stress-related anterior lower leg pain could
be related to CECS, bone stress injury and traction periostitis. Clinical diagnosis was unreliable.
CECS and bone stress injury or traction periostitis can occur separately or together.
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